We report on Rydberg spectroscopy of ultracold atoms in an atom-ion hybrid trap for probing the electric fields in a mixture of atoms and ions. We obtain spectra which exhibit excitation gaps corresponding to avoided level crossings in the Stark map. From these measurements we can conclude that the ground state atoms experience electrical fields of up to 250 V/cm. There is, however, a difficulty in interpreting the results, because some data indicate that the electrical fields are produced by the ions while other data indicate that they stem from the Paul trap. We discuss possible scenarios for explaining the measured data, provide first measurements to check these scenarios, and propose methods to finally solve this puzzle.
In recent years, a new research field has come up where cold ions and ultracold neutral atoms are experimentally brought together to study their interactions in detail, for reviews see [1] [2] [3] [4] . In a number of experiments the interactions and reactions between cold atoms and ions have been investigated, e.g. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . There is a considerable interest for tuning interactions, e.g. for controlling chemical reactions. By exciting atoms or ions to electronically excited states chemical reactions have been influenced, see e.g. [7, [17] [18] [19] . A particularly interesting way for interaction tuning is coupling the atomic ground state to Rydberg states, making use of their extraordinary properties [20] [21] [22] . Recently, interactions between Rydberg atoms and ions have been observed [23, 24] . We report here on related experiments where we carry out Rydberg spectroscopy on a trapped ensemble of ultracold neutral Rb atoms and Rb + ions in the vicinity of the 27P -state. The idea of this experiment is to probe atoms as they collide with ions. As atom and ion approach each other the electrical field of the ion shifts the atomic Rydberg states into resonance with the spectroscopy laser light due to the Stark effect. As a consequence, Rydberg states can be excited which are subsequently detected. We observe excitation gaps in the Rydberg spectrum which correspond to avoided crossings of the Rb Stark map. These measurements show that the Rb atoms in the experiment experience electric field strengths of up to 250 V/cm. Concerning the origin of these fields, however, we obtain contradictory results. Several different measurements indicate that the electrical fields stem from trapped ions, but comparison of our measured Rydberg spectra with Stark map calculations seem to indicate that the electrical fields might originate from the Paul trap.
Our experiments are carried out in a hybrid setup of an optical dipole trap (ODT) and a linear Paul trap, allowing for simultaneous trapping of atoms and ions, see Fig. 1(a) . A detailed description of the apparatus can be found, e.g., in [25] . We start our experiments by initially preparing an ultracold gas of 87 Rb atoms in the crossed-beam ODT at 1064 nm. These atoms are spin-polarized in the hyperfine state (F = 1, m F = −1) within the 5S 1/2 electronic ground state. The sample has an atom number of about 3.4×10 6 and a temperature of 860 nK. We work with ODT trapping frequencies of 2π × 24 Hz in the axial direction and 2π × 180 Hz in the radial direction. The cloud has a Gaussian shape with a size of σ x,y,z = (60, 8, 8) µm along the three directions of space and the peak atom density is 4.7×10 13 cm −3 . The linear Paul trap is centered on the ODT. It is driven by a RF voltage at a frequency of 2π × 4.2 MHz. The resulting axial and radial trapping frequencies for a Rb + ion are ω a,r = 2π × (42, 207) kHz, respectively. Residual DC electric fields are well compensated as described in [26] , i.e. excess micromotion is minimized.
For the Stark spectroscopy we address Rydberg states in the vicinity of the 27P level via single-photon excitation, starting from the Rb ground state. A frequencydoubled dye laser provides the corresponding ultraviolet (UV) light at a wavelength of about 298.5 nm. The laser light is delivered to the vacuum chamber by a multi-mode optical fiber and therefore essentially unpolarized. The power of the UV laser beam is about 1 mW and its waist at the location of the atom cloud is typically 150 µm. For the measurements we use a light pulse of rectangular shape and 225 ms duration.
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Once an atom is excited to a Rydberg state it can be ionized e.g. via photoionization by the ODT laser. It is then subsequently trapped by the Paul trap. At the end of an experimental run we infer the approximate number of accumulated ions. However, we do have the capability to detect single ions with unit probability. The ion number is extracted from the measured atom loss from the cloud after an experimental run. The loss is mainly due to elastic collisions with ions in which atoms are kicked out of the shallow ODT, see [26] [27] [28] . We measure the atom loss via absorption imaging.
Stark spectroscopy probes the local electrical field of each Rb atom in the atomic cloud. This electrical field can either stem from an ion in the vicinity or from the ion trap. In Fig. 1(b) we sketch the Stark shift of the Rydberg level 27P as a function of the distance between atom and ion, considering only the electrical field of a single ion. At a particular distance the UV laser can resonantly drive a transition to the Rydberg level.
Figure 2(a) shows the corresponding calculated Stark map. The 27P state is split into the fine structure components 27P 1/2 and 27P 3/2 . Avoided crossings appear where the 27P levels cross the hydrogenic manifold 24Hy. The shown electric field ranges from 0 to 350 Vcm −1 corresponding to an atom-ion internuclear distance from ∞ to 203 nm.
The Stark map for the field of a point charge is a distorted version of the standard Stark map for a homogeneous electrical field, see Fig. 2(b) . Due to the large size of the Rydberg wavefunction and the huge polarizability the electrical field gradients have a non-negligible contribution to the Stark level shift. Figure 2 (c) is the measured Rydberg spectrum. For this measurement the UV laser frequency was scanned with a stepsize of 100 MHz. For every frequency setting a freshly prepared Rb cloud was exposed to the 225ms laser pulse and subsequently the remaining atom number was measured. The larger the loss, the larger the number of Rydberg atoms and ions that have been created. The ion production rate for a given laser frequency depends on several factors: the availability of resonant Rydberg levels, the transition matrix elements towards these levels, and the number of ground state atoms at the proper electric fields. According to the electric dipole transition selection rules only the 27P state but not the high-l states can be addressed when starting from the 5S 1/2 ground state. However, close to the avoided crossings P -state character is admixed to the respective high-l state branch. We clearly observe two loss peaks from the 27P 1/2 and 27P 3/2 Rydberg resonances at zero field. For increasing UV laser frequencies the loss signal quickly vanishes because of lack of P -states. For decreasing UV laser frequencies the loss signal decreases gradually. Although the two P -levels are still present, for resonant excitation increasing electrical fields are required and a decreasing number of atoms experience these stronger electrical fields.
At the relative frequency of about -30 GHz, a strongly 
FIG. 3:
Zooms into the plots of Fig. 2 , as indicated by the dashed box in Fig. 2(c) . The dashed horizontal lines are guides to the eye. modulated, almost step like behavior of the measured signal occurs which coincides with the avoided crossings of the P -levels with the hydrogenic manifold. The modulation stops at a relative frequency of about -100 GHz which corresponds to an electrical field strength of around 250 V/cm. Within the small atom cloud such a large field can only stem from ions. From the known parameters of our ion trap we calculate that the maximal electrical trap fields at the 1/e 2 -rim of the cloud are about 30 V/cm.
It turns out, however, that this conclusion is somewhat in conflict with further analysis of our spectroscopic data. Figure 3 is a zoom into the plots of Fig. 2, correspond- ing to the dashed box in Fig. 2(c) . When comparing the measured data with the calculated Stark maps it becomes clear that the Stark spectrum for homogeneous fields matches the data much better than the Stark spectrum for the fields of a point charge. For example, there is a very good correspondence of the measured excitation gaps to the calculated energy gaps at the avoided crossings for the Stark spectrum (b). Close inspection shows that this is not the case for the Stark spectrum (a).
A simple possible explanation for the observations could be that the excitation of Rydberg atoms generally takes place at a distance of about 700 µm from the trap center where the electrical fields of the Paul trap reach 250 V/cm. Here, possibly a non-trapped background gas of Rb atoms could provide enough ion signal. In order to test this hypothesis, we displaced the focus of the UV laser so that the laser did not overlap anymore with the cold atom cloud. The laser is then still able to excite Rydberg states at a distance of 700 µm from the trap center but not anymore within the atomic cloud. In our experiments, however, we observe that the Rydberg signal vanishes. This shows, contrary to the assumption, that most Rydberg excitations occur within the atomic cloud.
In a second set of experiments, in order to shed more light on the process of Rydberg excitation, we studied the dynamics of the ion production. For this, we measured how the number of trapped ions increases as a function of exposure time t to the UV laser. Figure 4(a) shows the results obtained for a fixed laser frequency corresponding to −69 GHz and for different radial trapping frequencies of the Paul trap. We find a nonlinear increase of the ion number which indicates that the presence of an ion facilitates the production of a second one. Therefore, this again supports the notion of a Rydberg atom being excited in the electrical field of an ion. Empirically we find that the data sets are described well with the quadratic fit function κt 2 (see solid lines), where κ is the fit parameter.
We find that κ generally increases with the trapping frequency, see also Fig. 4(b) . This can be explained as follows. By increasing the radial trapping frequency of the Paul trap we increase the ion density within the atom cloud. Again, this goes along with the notion that the ion assists the Rydberg excitation. At radial trapping frequencies larger than ω r ≈ 2π × 230 kHz the parameter κ saturates. Possibly there is a reduced compressibility of the ionic cloud due to the Coulomb repulsion.
In conclusion, we have carried out Rydberg spectroscopy of a mixed atom-ion ensemble within a combined trap. By comparing our measured spectra to calculated Stark maps we can infer that large electrical fields of about 250 V/cm are present. However, we have obtained apparently contradictory results for the source of these fields. Several measurements indicate that these fields should originate from ions, however, the structure of the measured spectrum rather points towards ion trap fields. To solve this question further investigation is needed. One possibility is to use a digital ion trap that exhibits periods of zero electrical field for the measurements [29] [30] [31] . The spectroscopy is then performed in a pulsed way at these periods. This ensures that only electrical fields of ions are available for Stark shifts. Another possibility is to study the non-linearity coefficient κ as a function of laser frequency in order to check whether its behavior follows the Stark spectrum of a point charge.
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SUPPLEMENTARY INFORMATION Effect of the Paul trap RF electrical field
In order to test and verify our general understanding of Rydberg excitation of atoms in the electric fields of a Paul trap we have carried out the following Rydberg spectroscopy measurement. We operate the linear Paul trap with the end cap electrodes turned off such that there is no axial confinement, and ions quickly escape from the trap. Thus, we can exclude any atom-ion interactions in the Rydberg spectroscopy. The electric field distribution of the trap is approximately the same as for the trap with the end caps turned on. We perform Rydberg spectroscopy in the vicinity of the 27P 3/2 resonance line. Here, only atoms are lost that have been excited to the Rydberg state. Figure S1 shows the observed spectra (blue dots). Each spectrum corresponds to a controlled displacement of the ODT together with the atom cloud from the Paul trap center by a distance d, as sketched by the inset in Fig. S1 . Thus, the corresponding atomic clouds experience different electric field amplitudes in their center as indicated on the right hand side of the figure. The oscillating and inhomogeneous electrical fields of the Paul trap lead to a broadening and distortion of the 27P 3/2 resonance line. For the maximum value of d = 97 µm presented here, the resonance line spans a frequency interval of about 4 GHz. The red solid lines are the results of numerical simulations taking into account the temporal and spatial distribution of the electric fields, the spatial distribution of the atoms and the quadratic dependence of the Stark shift on the electrical field. We find good agreement between the measurements and the calculations. This gives us confidence that we have a good general understanding of our experimental conditions.
